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When a microwave signal with a frequency near the electron 
upper hybrid resonance is applied to a magnetoplasma, it will 
excite the plasma. The perturbation of plasma can be detected 
by using Langmuir probes. The particular plasma used in this 
experiment is an argon discharge type and the density is relatively 
8 -3 0 low (n~lO em ). The electron temperature is about 7000 K. Because 
a magnetic field is applied to the plasma, it is necessary to use 
the probe theory in a magnetic field to calculate the electron 
number density from the electron temperature. In order to determine 
the electron upper hybrid frequency, it is necessary, at least, to 
roughly determine the electron number density of the argon magneto-
plasma. By using a·· plasmograph circuit, electron temperature can 
be calculated from the transition region of the plasma V-I charac-
teristic curve. Then the electron number density can be calculated 
from electron temperature. After the electron upper hybrid resonance 
frequency has been found, the plasma can be perturbed and from the 
change of probe current, the perturbation of the microwave on electron 
temperature can be calculated. 
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I. INTRODUCTION 
The technique of measuring the properties of a plasma 
with electrostatic probes was developed by Langmuir (1) as early 
as 1924. For this experiment, it is desired to use an electro-
static probe to detect the perturbation in a plasma resulting from 
the application of a microwave signal. Since a magnetic field is 
employed to aid in confinement, it is necessary to use the probe 
theory in the presence of a magnetic field to calculate the electron 
number density. However, for a finite magnetic field, the slopes 
at low' cur.rent ;.values are essentially the same as the slopes at 
zero magnetic field. Therefore the logarithmic plot still yields 
usable electron temperatures Bohm et al. (2), 1949. 
Recently there has been much experimental interest in plasmas 
in the density range n 
e 
8 11 -3 
= 10 to 10 em because of the 
relatively stable plasmas at these low densities. For this 
experiment, the electron number density is around 108 cm-3 
and the electron temperature of the argon discharge plasma is 
around 7000°K. The discharge potential is from 300 to 500 
volts and the magnetic field range from 300 to 580 Gauss. 
Because of this magnetic field, it is necessary to apply a 
negative bias to the probe in order to avoid the very large 
current increasing phenomenon at the end of the electron 
saturation region of the V-I characteristic curve. 
In Figure 1, the whole plasma system for this experiment 





















Figure 1. Block Diagram for Detection of Perturbation in Plasma 
1\J 
The magnetic coil power supply and the high vacuum system are used 
to generate and maintain the plasma column. Through a coaxial 
cable, the disturbing wave is coupled to probe P1 which is used 
as a transmitting antenna in.the plasma. Probe P2 , connected 
to the plasmograph circuit, is used to detect the perturbation 
of the plasma. A typical perturbation waveform near floating 
potential is shown in Figure 2. 
The plasmograph circuit has dual functions. First, it is 
used to obtain the V-I characteristic curve from which we can 
calculate the electron temperature and number density. Second, 
it can be used to obtain the perturbation wave form of the 




Figure 2. Typical Perturbation Near Floating Potential 
PROBE Current Vertical - 2.3 ma/cm 
TIME - 0.5 ms/cm 
3 
4 
developed by F. Chen et al, (3), 1968 and s. L. Chen et al. (4), 
1969 is presented. According to this theory T and N can 
e e 
be calculated. In Chapter III, the perturbation due to microwave 
disturbance of the plasma, i.e., the change in electron temperature 
can be calculated according to formulas which are formulated in 
Chapter III. It can be found in Chapter IV that the experimental 
results match the theory. The method of detection of perturbation 
will be discussed in the following chapters. 
5 
II. PROBE THEORY IN THE PRESENCE OF A MAGNETIC FIELD 
Possibly the most fundamental technique for obtaining 
the properties of a plasma is the use of electrostatic probes. 
But when a magnetic field is present, of such strength that 
the electron cyclotron radii are comparable to the probe dimensions, 
the situation is drastically altered. According to Chen (5), 
1965, it is believed that there is no proper theory for a probe in 
an extremely strong magnetic field,, because the probe in 
such a case will always have a severe perturbation on the 
plasma. However, at moderate field strengths, the slopes of V-I 
characteristic curves at low current values are essentially the 
same and the logarithmic plot still yields valid electron 
temperatures. The probe theory in the absence of magnetic field 
for calculating T is developed in Appendix A. e 
In 1936 Spivak and Reichrudel made a study of electron 
collection of probe in a weak magnetic. Generally, a magnetic 
field with magnitude less than 100 Gauss can be considered 
a weak magnetic field. Spivak and Reichrudel used cylin-
drical probes for their experiment. They found that the 
Langmuir orbital theory, which has the advantage that the probe 
current is independent of the potential distribution which is 
determined by the Poisson's equation, and so the Langmuir 
orbital theory could be extended for weak magnetic fields. 
However, this extent of Langmuir orbital theory is limited to: 
cylindrical probe only. For a spherical probe, the orbital 
motion theory is almost never valid for two reasons. First, 
the need for a support wire _much smaller in diameter than the 
sphere makes the ratio of probe radius to Debye length less 
or equal to 1. This condition is usually difficult to achieve; 
second, the orbital motion approximation is useful for spheres 
only for the ratio R/S much less than unity. 
There are two difficulties introduced by a magnetic field. 
First, particles are constrained to byrate about the lines of mag-
netic flux and force, so that particles move at different 
rates along and across the field; this makes the problem become 
two-dimensional. Second, the effective mean free path 
across the field is of the order of Larmor radius, since particles 
can travel only this far without making a collision; and since 
the Larmor radius is quite small for electrons whenever the 
magnetic field is greater than 100 Gauss. Essentially, there 
is no collisionless theory for a strong magnetoplasma. Also 
the electron saturation region of Plasma V-I characteristic 
curve can no longer be utilized to specify n • This is because e 
the electron gyro-radius is too small. 
As indicated in Figure 3, when a magnetic field is applied, 
the most noticeable effect is that the saturation electron 
current is decreased below its value as in the absence of a 
magnetic field. Reference can be found from Heald and Wharton(5) 
1965. For zero magnetic field plasmasthe ratio of electron 
saturation current to ion saturation current is normally of the 
order of 100. This ratio depends on the ratio of electron to ion 
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<P volts p 
Figure 3. Typical Langmuir Probe Cha~acteristics With Probe 
Oriented Along and Across B Field 
ratio = 












In a magnetic field less than 100 Gauss, if 
YLi > R, YLi > S 
YLe .5_ R, 
then the ratio in equation 2.1 reduces to only a few tens. 
For stronger magnetic fields as in this experiment, the ratio 
reduces to approximately two. This decrease is a result of the 
circular sheath around the probe changing its shape as indicated 
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Figure 4. The Sheath Around a Probe in a Magnetic Field 
In Figure 4, it is obvious that the dashed line portion of 
the sheath area is no longer effective. 
Another effect of the magnetic field is that it destroys 
electron saturation; that is, the region I in Figure I-1 
continued to increase with voltage. This may be because the 
electrons in a strong magnetic field can reach the probe by 
diffusion. A negative bias is usually applied to the probe 
to prevent this phenomenon from happening. 
8 
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Because the microwave perturbation to the plasma has. greater 
effect on the more mobile electrons, it is necessary to 
consider the electron current near the space potential. The 
electron current at small positive probe voltages can be estimated. 
Referring to s. L. Chen (4), ).969, the relation between 
n and T is as follows: e e 
I 
e 
= \ n • e ( 8kT /mn ) ~ Ap (2. 4) e e e 
The numerical value calculated from this equation satisfies 
exper~ental data as indicated in Chapter IV. 
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III. PROBE DETECTION OF A MICROWAVE PERTURBATION 
In the subsequent development, the exciting of an electro-
magnetic wave in a discharge magnetoplasma is investigated. The 
plasma considered is contained in an axial magnetic field. An elec-
tro~agnetic wave is incident upon the plasma through a straight 
probe normal to the axis of the magnetic field. The disturbing 
wave has sufficient intensity to change the plasma electron 
distribution function, whereas the other probe is used to detect 
the perturbation of the plasma. At frequencies near gy~ resonance, 
disturbing wave modulations appear on the V-I characteristic 
curve after it has been propagated through the plasma. This pertur-
bation is explained as the modulated signal energy being trans-
ferred via modulation of the electron temperature and number 
density. 
Assume the presence of a given disturbing wave at a point 
within the plasma where the emitting probe lead is inserted. 
We ignore for the present the actual process of coupling the 
wave into the region of interest. 
A. Electron Upper Hybrid Resonance 
Consider a particle with angular velocities (I) • parallel 
-+ 
to the magnetic field and w~ in the plane perpendicular to B. 
Thus, in that plane the motion must be circular, with the 
2 
acceleration equal to wL /rL' where rL is the radius of 
curvature of the path. Use of Newton's law yields 
Figure 5. Cyclotron Motion of a Particle 
2 
eZW~B = ~ or 
rL 
eZB w.L 
-= = WB m rL 
where wB is the circular frequency of rotation of the par
ticle 
as shown in Figure 5. Thisftequency is called the particle
 
cyclotron frequency, and depends only on the charge, magn
etic 
field, and mass of the particle. The radius of curvature 
is 
called gyro radius; thus rL = w~/WB; it depends on the particle 
velocity. Usually the rms speed of the species is used to
 
determine the gyro radius. In order to calculate the elect
l"On 
upper hybrid resonance frequency, it is also needed to kno
w 
the plasma frequency,which is given by 
11 
(3.1) 





Then, using the relation 
2 2 
w = w p 
2 
+~ 
the electron upper hybrid resonance frequency can be found. 
B. Perturbation of Electron Temperature 
According to Heald and Wharton (12), 1965, an appreciable 
disturbance of electron temperature can be detected only at 
or near the electron upper hybrid frequency. In view of this 




region about the resonance point. The plasma resonance frequency 
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o e 
For this experiment, the increase in electron temperature due 
to the disturbing wave energy was measured at the density 
. 
corresponding to X = 0.5. It was observed from the waveform of 
the perturbation that the absorption indicated by the Langmuir 
(3. 4) 
probe was almost constant for a given set of parameters. In order 
to calculate numerical values for the increase in electron 
temperature, it is necessary to use data from plasmograph 
circuit. The change of current can be measured from the plasma 
perturbation waveform. The unperturbed electron saturation 
current can be measured from the V-I characteristic curve which 
is of course at the same space point as for measuring the 
perturbation waveform. 
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From equation (2.4), we can derive the relation between 
the change of perturbation current and the change of electron 
temperature. By differentating equation (2.4) we obtain 
2 
e [8~; J~ d(T )~ d(T )~ dJ 4 n e e e e 
= 
(T ) ~ J 2 e ~::p ]~ (T ) ~ e e 4 n e e 
(3. 5) 
since 
d(T )~ = ~(T ,-~ dT e e e 
therefore, 
dJ d(T ) d(T ) 
e e e 
= 

















Figure 7. The Procedure of Microwave Perturbation and Detection 
Finally, we rearrange the above equation and obtain the tem-


















The waveform of change of current is shown in Figure 6 and 
the procedure of microwave perturbation and detection is shown in 
Figure 7 in the block diagram form. 
IV. EXPERIMENTAL TECHNIQUES AND RESULTS 
Upon examination of the theoretical work presented in the 
preceding section, it is obvious that appreciable disturbance 
of plasma can be detected at the resonance points. In view of 
this evidence, the experimental data have been confined to a 
small region about the point of Gyro resonance which is defined 
by the relation given in equation (3.3). 
A. Plasma System and Associated EgUipment 
The description of the experimental ap~atus is divided 
into two parts, (1) the plasma tube and associated equipment 
and (2) the microwave and electronic instrumentation. A block 
diagram is shown in Figure 1. 
A cutaway view of the plasma tube is shown in Figure 8r a 
discharge plasma was generated and maintained in this apparatus 
in the following manner. 
A diffusion pump was used to pump the system down to 10 -5 
torr in order to minimize any background gas pressures. After 
15 
the system had been thoroughly outgassed, the pump valves were 
closed and argon gas was introduced into the system. An electrical 
potential difference was applied in order to ionize the argon gas. 
At the same time a magnetic field was axially applied to 
confine the plasma column. From equations (3.1) and (3.3), 
it can be,, seen that the variations in this magnetic field can 
be utilized to shift the upper hybrid resonance point. 
To Microwave Source 
To Probe Circuit 
Argon Input 
Brass Electrod 








Figure 8. Cutaway View of the Argon Plasma Chamber 
Magnetic Coils 
Brass Electrode 
To -soov D.c. 




B. Microwave and Electronic Instrumentation 
The instrumentation used to produce the data in this 
experiment consisted of three parts: (1) a disturbing micro-
wave source, (2) a Langmuir probe, and (3) the plasmograph 
circuit used to obtain both the V-I characteristic curve and the 
perturbation waveform. A table of instruments is listed in 
Table II. 
Disturbing Microwave Source - A diagram of the microwave 
source is shown in Figure 9. 
550-1250 Freq. Modul. MHZ Micro-









Figure g. Block Diagram of the Disturbing Microwave Source 
Lan9!f1uir Probes - The schematic diagram of the Langmuir 
probe plasmograph used in this experiment is shown in Figure 10. 
This circuit was used to obtain the V-I characteristic curve 
for the plasma. The voltage was displayed horizontally and the 
current vertically on an oscilloscope. The horizontal scale 
was generally 2 V/cm and the vertical scale was 20 mv/cm multi-
plied by the inverse of the gain of the differential amplifier. 
The vertical current signal was taken across the 10 ohm resistor, 
so that in terms of current this corresponds to 0.7 ma/cm. 
The probe bias was swept from a 60 Hertz source which accounts 
for the double trace that appears in some of the oscillograms. The 
V-I characteristics were used primarily to obtain an order of 
magnitude check on electron temperature according to the theory 
developed in Section 2.1; as the presence of the large magnetic 
field made accurate measurements very difficult. Also, the 
overall curve was used as a reference to permit duplication of 
plasma conditions from one data run to the next. The circuit in 
Figure 10 was also used to obtain the perturbation waveform. 
Because of the requirement of higher horizontal gain for displaying 
the perturbation waveform the internal sweep was used. Also, the 
probe bias was fixed at +20 V D.C. so that the probe was operating 
at electron saturation. The dual purpose double probe is shown 
in Figure 11 and the square wave perturbation on electron 
saturation region is shown in Figure 12. The relation between 
probe bias and the width of perturbation waveform is shown in 
Figure 14. 
18 
To llOV, 60HZ 
Power Supply 
Internal Resistance 
0 to lOOV 























........ ~ I 
-:==- -...:-
Figure 10. Langmuir Probe Circuit for Obtaining V-I Characteristic Curves 
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Figure 12. Square Wave Perturbation on Electron 
Saturation Region 
I 
VERTICAL - 5 mv/cm 
TIME- 0.25 ms/cm 
Figure 13. Relation Between Probe Bias and the Width of the 
Perturbation Waveform 
21 
c. Perturbation Detection 
The plasmograph circuit in Figure 10 provided an oscillo-
scope display which corresponded to the differential change in 
probe current (~T ) at a fixed bias point. Thus, one was able 
e 
to calculate the change in electron temperature due to the 
presence of a modulated disturbint wave. The negative bias 
applied to the probe can determine the point onV-I characteristic 
curve; so that by changing the bias, the perturbation will shift 
in the range from ~f to electron saturation break point. The 
perturbation near ~f as a function of bias voltage is shown in 
Figure 14. The transition region in Figure 15 can be used 
to calculate the undisturbed electron temperature. 







Figure 14. Perturbation as a Function of Probe 
Bias Voltage 
VERTICAL - Smv/cm 











Figure 15. V-I Characteristic Curve at the Same 
Point as for Figure 14 
VERTICAL - 50 mv/cm 
VOLTAGE - 0.1 V/cm 
From Figure 14, it can be seen that around ~f' the more 
negative bias applied to the detecting probe the less change of 
probe current. The reason is that the change of probe current 
is a function of the slope of the point of the V-I characteristic 
curve. 
Experimentally, there is a technique which is very important 
for detecting the perturbation of plasma. The technique is to 
choose a very stable space point. The distrubing wave is 
smaller than both the probe oscillation wave (generally a few 








Figure 17. 60Hz Noise Signal 
As indicated in Figure 10:, there is a capacitor connected in 
parallel with the vertical input terminals of the oscilloscope. 
The main purpose of this capacitor ~s to eliminate the peak 
noise i.e., the very high frequency noise in plasma. However, 
the capacitance of this capacitor can not be too large. Because 
the larger the capacitance the larger histerisis loop for V-I 
characteristic curve, which is not desired. 
24 
It is necessary to choose a very stable plasma column and second, 
a space point where the· point "a" in F.igure 18 is very clear 
i.e., where there are no probe.oscillations or noise. For 
choosing a merit point where the plasma is under very stable con-
ditions, statistically, ranges between the dashed lines in Figure 
19 and Figure 20 are very stable regions for this mode of the 
argon discharge plasma. After the correct perturbation wave 
form was found, it was necessary to develop the proper probe 
theory for numerical calculation. Referring to Figure 18, 
Figure 21, and Figure 22, it is obvious that the electron 
saturation current is considerably reduced as a result of the 
magnetic field applied to confine the plasma. Therefore, we 
use the probe theory in the presence of a magnetic field, as in 
Chapter II, to calculate the electron number density from the 
electron temperature. The numerical values for Figure 21 are 
listed in Table I. As mentioned before, ranges between the dashed 
lines in Figure 19 and Figure 20 correspond to a very stable 
plasma column, also there must be no glow near thepositive dis-
charge electrode. The reason is this glow will cause high 
frequency noise on the perturbation wave. The method of 
eliminating the glow is to reduce the plasma pressure by con-
trolling the diffusion pump valve. Plasma of this mode is very 
sensitive to gas pressure, so great care must be exercised when 
the chamber pressure is adjusted. This knowledge is of great 
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Figure 21. V-I Characteristic Curves as a Function 
of Discharge Potential 
i 
I 
VERTICAL - 50 mv/cm 








Figure 22. V-I Characteristic Curves as a 
Function of Confinement Magnetic Field 
VERTICAL - 0.1 V/cm 




RATIO OF ION SATURATION CURRENT TO ELECTRON SATURATION CURRENT 
I 
si 
vdisch. I Isi. -se I.CIA 
1 350 0.28 ma 0 .• 245 rna 0.876 
i2 380 0.77 ma 0.35 ma 0.454 
3 410 1.05 ma 0.58 ma 0.551 
4 440 1.47 ma 0.84 ma 0.572 
5 470 2.1 ma 1.12 ma 0.534 
6 500 2.8 rna 1.52 rna 0.544 
From Table I, it is obvious that when a magnetic field is present 
of such strength that the electron cyclotron radii are comparable 
to the probe dimensions, the situation is drastically altered. 
Since the effective mean-free-paths also are now comparable to probe 
dimensions, the electron spacecharge saturation current is 
considerably reduced. The numerical values in Table I correspond 
+ to B equals 540 Gauss; however, the ratios of I ./I are almost sJ. se 
equal to a constant from Vd. h - 380V to 500V. 
J.SC • 
From Figure ~~ the undisturbed electron temperature can be 
calculated from the transition region. According to equation 
(A.lO} 
T = 7200°K 
e 
Then from equation (2.4) 
N = 1.06 X 108 cm-3 
e 
By using equation (3.3), the electron upper hybrid resonance 
angular frequency should be 
w = 1123.7 Mh.z 
The experimental result is 1154 Mhz. so the experimental 
results match to the theory quite well. Then, for the pertur-
bation on electron saturation r_egion i.e., near 4> as shown s 
in Figure 25, we can use equation (3.6) 
2T b. I 
b.T e e = e I 
s 
Where I is 
s 
the initial unperturbed electron saturation current, 
it is seen that from Figure 24, I = 4 ma and from Figure 26 s 


















Figure 23. Langmuir Probe V-I Characteristic 
Curve 
I 
VERTICAL - 2.5 V/cm 
VOLTAGE - 5 V/cm 
a 
Figure 24. Using Transition Region to Calculate T 
. e 




I=F (T n ) 
e e 





Figure 25. Perturbation Wavefonn at the Same 
Point as for Figure 23 
I 
VERTICAL - 2 mv/cm 
TIME - 0.25 ms/cm 
t.I t 
Figure 26. Perturbation Waveform Without 60 Hz Time Base Sweep 
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V. CONCLUSIONS 
The purpose of th~s work was to establish the existence 
and the nature of electromagnetic modulation ~ a discharge 
ionized argon plasma in the presence of a moderate and static 
magnetic field. This has been accomplished subject to the 
restrictions imposed by the experimental apparatus, i.e., 
(1} The electron number density is of the order of 
108;cm3 • 
(2} Electron temperature is around 7 x 103oK. 
(3} Electrical discharge potential 0 - 500 vdc. 
(4} The magnetic field is in the range of 250 - 600 
Gauss. 
(5} The disturbing wave frequency, wDi is approximately 
equal to the electron gyro frequency. 
Subject to these restrictions, the preceding work shows 
that modulation transfer takes place through the perturbation 
of the electron temperature by the disturbing wave. 
There are three important results which have been achieved 
~ this experiment. First, a dual purpose plasmograph circuit 
34 
has been successfully constructed. This electronic circuit can be 
used to obtain both plasma V-I characteristic curves and the plasma 
perturbation wave form. Second, the relation between electron 
upper hybrid resonance frequency, plasma frequency and electron 
gyro frequency has been proved experimentally. Theoretically, 
it is necessary to find out the undisturbed electron temperature 
and electron number density for calculating electron upper hybrid 
frequency. Therefore a suitable probe has been used. Third, 
the method for calculating the perturbation of electron 
temperature has been introduced and the plasma perturbation as a 
function of probe bias potential has been observed. However, 
if we can find the average magnitude of the electron thermal 
velocity, then, we can theoretically calculate perturbation 




ZERO MAGNETIC FIELD PROBE THEORY 
A conducting probe immersed in a plasma will emit or 
collect a current which is functionally dependent upon the 
impressed voltage, and the physical properties of the plasma, 
i.e., temperature, density, mass, etc. 
For detecting the characteristics of many kinds of plasmas, 
the probe is quite a 'slmple device. It consists of a small 
electrode attached to an insulated wire and immersed into the 
plasma at the point where information is desired. By changing 
the probe potential over an experimentally determined range, a 
V-I characteristic curve is obtained from which the plasma 
properties can be derived provided there exists an adequate 
probe theory for the particular plasma being measured. In 
general, the probe characteristic is influenced by almost every 
parameter of the probe-plasma system, i.e., charged species 
distribution, probe geometry, collision processes, external 
field condition, etc. However, it is possible, by making 
simplifying assumptions pertinent to a specific probe-plasma 
37 
system to formulate a theory which is very useful to the exper~enter. 
Thus, only that portion of the very broad and complicated theory 
of electrostatic probes which fits the particular plasma in these 
experiments is given here. In this treatment of probe theory 
it can be assumed that (1) the particle mean free path is still 
larger than the characteristic probe d~ensions, (2) the plasma 
electrons and ions are Maxwellian. These two assumptions would 
make the task relatively simple if it were not for the presence 
of a strong magnetic field. 
38 
In the experimental portion of this task it was desirable to 
use the positive potential portion of the characteristic curve 
to determine the change in electron temperature due to the 
presence (or absence) of the disturbing microwave; thus, it will 
be necessary to formulate a theory to enable the performance of 
this task. 
In spite of the difficulties which arise when probes are 
used in a magnetoplasma, the method is an important one because 
it has one advantage over all other diagnostic techniques; it can make 
local measurements. Almost all other techniques, such as spectroscopy or 
microwave propagation, give information averaged over a large volume 
of plasma. 
As early as in 1929, Langmuir and Mott Smith developed 
the electrostatic probe technique using a metallic conductor immersed 
in the plasma to determine species densities and temperatures. 
Their development of the probe theory is based on the concept of 
a probe which is isolated from the unperturbed plasma by a space 
charge or sheath. Thus, the electric field of the probe (~P) 
is confined to the sheath region. Throughout the succeeding 
treatment, the probe potential, ~ , is referenced to the p 
plasma potential, ~ • This simplifies the problem considerably 
s 
especially for the case of a Maxwellian distribution of particles. 
Before entering into the specific expressions for probe 
current as a function of potential and geometry, a qualitative 
treatment of the general probe characteristic curve will be 
given. Normally the characteristic curve is separated into 
three regions as shown in Figure I-1. This enables the treat-
ment of each region by a separate theory depending on the 
particular species being collected and whether or not it is 
being accelerated towards the probe by the applied potential. 
In region I, called the electron saturation region, the 
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probe is sufficiently positive so that essentially only electrons 





Figure I-1. Langmuir Probe I-V Characteristic Curve 
<Pp_ 
In region II, both ions and electrons are collected but 
due to the mass difference, the curve is established primarily 
by the electrons. The probe potential is less than that of the 
plasma potential, ~ , so that the current is determined by the 
s 
statistical distribution of electron energies. 
In region III, the probe is sufficiently negative so that 
essentially only ions are collected; this is termed the ion 
saturation region. If the ion temperature is much smaller than 
the electron temperature, the sheath criteria must be considered 
in the theoretical treatment. In this experiment, however, 
the ions and electrons are both of low energy and approximately 
the same temperature. 
A. Regions I and III: Acceleration Probe Voltage 
(a) Thin sheaths 
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I = JA 
s 
(I.l) 
where A is the sheath area which is determined by the Child-
s 
Langmuir space charge relations for cylindrical and spherical 
probes and is equal to the probe area, A , for flat probes. For p 
a sheath radius, s, and a probe radius R, the cylindrical equation 
for current per unit length is: 
I = 
¢ 3 / 2 4TIE 
p 0 
RS 2 (R/S) 
(I.2) 
where S is a universal function of R/S4 . In order to apply 
Langmuir theory: 
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(1) the mean free path must be much greater than the 
thickness, i.e.,. :\>> (S.-R) 
(2) the sheath thickness must be much less than that 
of the probe diameter, i.e., (S- R) << 2R. 
As the plasma in these experiments does not satisfy the second 
condition, we are forced to consider the thick sheath case. 
For R/S equal or less than 5; such probes do not give an accurate 
measurement of density unless the accurate theoretical results 
of Lam or Laframboise are used. 
(b) Thick Sheaths 
For the case where the sheath thickness is comparable to the 
probe diameter, the orbiting of the particles must be considered. 
Under this condition, the species current density at the probe 
is given by 
J 
s = 
n q <v> 
so s s qscjlp ~ (l + KT ) 
qscjlp 
KT >>1 (I. 3) 21T~ s s 




T. and both are small enough that quasineutrality at the 
~ 
sheath is satisfied; the above relation holds for both ion and 
electron saturation currents. The probe current per unit length 
for a cylindrical probe is given by: 
I /'i = J A 
s s s 
where A = ·2rrb 
s 
b being the impact parameter defined by: 
(I.4) 
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b = R (I. 5) 
R being the actual probe radius. 
B. Region II: Retarding Probe Voltage 
In this region, often referred to as the transition region, 
the probe collects both ions and electrons; due to the disparity 
in mass, the ion current is much smaller and can be subtracted out 
even if not accurately known. Hence, only the electron collection 
need be considered to formulate a useful theory. 








J A e-11 
so p 
T , n and m being the species temperature, number density, 




and mass respectively. A is the probe area defined by 2nR for a p 
cylindrical probe. 
Taking the natural logarithm of both sides results in: 
I 




_d_[_R-n_( J,_;:s::...;o_A.Jj;;_R-__ >] = I qs I 
dcp 
p KT s 
or in more explicit form 










thus, a semi-logarithm plot of normalized probe current vs. voltage 
will make a direct measurement of specie temperature possible. 
To roughly determine the temperature range, it is practicable 
to choose two points on region II of the characteristic curve, then 
calculate the voltage difference and the difference of the 
logarithm of current densities at the two points. This temperature 
can be inserted into the expression (I.S) which determines the 
impact parameter in the saturation case and hence, the species 















INSTRUMENTS USED IN THE EXPERIMENT 
Instrum~nt Name 
Incremental Gaussmeter 
Vacuum Ionization Gauge 
Differential Amplifier 
Microwave Generator 
Percent Modulation Meter 
Attenuator 
Squarewave Generator 
Negative Probe Power Supply 
High Vertical and Horizontal 
Gain Oscilloscope 
Ranges 
0.1 - 30 KG. 
-8 ATM - 10 Torr 
20 V/cm - 0.1 mv/cm 
550 - 12 50 MHZ 
0 - 100 percent 
+4 - 0 - 125 dbm 
1 - 100 KHZ 
0 - -100 v .0 -1.2 ma. 
Ver 20V/cm - 0.2mv/cm 









































number density at surface 
Magnetic flux density 
impact parameter for electrons 
electronic charge 
electric current, probe current 
electron saturation current 
ion saturation current 
probe current density 
electron current density 





species particle mass 
n or n electron number density 
e 
density at infinity 
species particle density outside sheath 
species particle density 
gas pressure 
species particle charge 
probe radius 
Lantor radius 



















species particle temperature 
temperature perpendicular to B 
temperature parallel to B 
electric potential 
average magnitude of the thermal velocity 
number of net charges on a given particle 
universal function 
mean free path 
floating potential 
probe potential 
plasma potential or space potential 
calculation parameter 
angular velocity parallel to S 
-r 
angular velocity perpendicular to B 
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